Chromium trihalides (CrI 3 , CrBr 3 and CrCl 3 ) form a prominent family of isostructural insulating layered materials in which ferromagnetic order has been observed down to the monolayer. Here we provide a comprehensive computational study of magnetooptical properties that are used as probes for the monolayer ferromagnetic order: magnetic circular dichroism and magneto-optic Kerr effect. Using a combination of density functional and Bethe-Salpeter theories, we calculate both the optical absorption and the magneto-optical Kerr angle spectra, including both excitonic effects and spinorial wave functions. We compare the magneto-optical response of the chromium trihalides series and we find that its strength is governed by the spin-orbit coupling of the ligand atoms (I, Br, Cl).
With this background, it is natural to enquire which atom, either Cr or the ligand, provides the spin-orbit interaction that controls the magnet in the CrX 3 family, with X=I,Br,Cl.
Therefore, here we undertake an ab initio study of the chromium trihalide family. Our methodology includes a density functional theory (DFT) calculation to obtain ground state properties, extended with a GW and Bethe Salpeter calculation to compute the optical response, including the interplay between magnetism and spin-orbit coupling. These methods, that permit to fully include the excitonic effects, known to be very strong in 2D crystals, have been employed to study the CrI 3 monolayers in a recent publication. 28 Our work permits to carry out a comparative analysis of the optical and magneto-optical response of the CrX 3 series.
Methods

Ab initio and many-body perturbation theory
In this section we briefly describe the ab initio methodology used to compute the ground state properties of the CrX 3 and their optical response. The ab initio calculations of the electronic structure of the monolayer CrI 3 , CrBr 3 and CrCl 3 have been performed using Quantum Espresso. 33 We have employed the local density approximation (LDA) plus on-site Hubbard correction with values U = 1.5 eV and Hund's exchange interaction J = 0.5 eV. 34 We have included spin-orbit interaction with spinorial wave functions, using norm-conserving fully relativistic pseudopotentials. The pseudopotentials of Cr atom include semi-core valence electrons and have been generated with ONCVPSP 35 and PSEUDODOJO. 36 The electronic density converges with an energy cutoff of 87 Ry and a k-grid of 12 × 12 × 1. We use a slab model with a 20Å vacuum thickness to avoid interactions between periodic images. Since LDA underestimated the bandgap, we compute the GW band-gap corrections on top of the LDA+U. Let us label (GW+U)(LDA+U) the final band-gap, since keep the U correction for the correlated d electrons, which is not accounted for by the GW self-energy, on top of GW. Other choices are of course possible, like for example the update of the U correction in the GW framework, or the removal of the U correction to the simpler scheme GW(LDA+U).
A discussion on the differences between these approaches is however beyond the goal of the present manuscript.
In order to obtain a realistic optical response, we have included excitonic effects, fundamental in semiconducting 2D materials. 37 The excitonic effects are taken into accout via the Bethe-Salpeter Equation (BSE) as implemented in Yambo. 38, 39 The excitonic spectra and the dielectric function has been converged with a k-grid of 15 × 15 × 1 and a dielectric cut-off of 5 Ry. The dynamical screening effect has been included using the plasmon-pole approximation. 40 Since GW corrections are computed only at the band-gap, we used a scissor operator to extrapolate them to the whole 15 × 15 × 1 k-grid in the BSE calculations. This choice does not alter the final result (we have checked that the GW correction is a rigid-shift of the LDA electronic structure) but reduces considerably the computational effort. The Coulomb interaction is truncated by using the Coulomb cut-off technique. 41 Finally we use the "Covariant approach" 39 for the dipole matrix elements to account for the non local U term included in the DFT Hamiltonian. This is crucial to obtain correct intensities in the absorption and thus a correct estimation of the Kerr angles.
MCD and Kerr angle in terms of the dielectric tensor
An effective dielectric tensor is defined as
where α 2D is the polarizability per surface unit and d the 2D-material thickness. We have assumed a thickness d CrX 3 = 0.66 nm for all the monolayers. It is calculated with the Yambo code, including excitonic effects and local-field effects. 39 From the effective dielectric tensor we can define the absorbance for linearly (A x ) and circularly (A ± ) polarized light as: 42, 43 A
which is independent from d and thus a property of the 2D material.
From the effective dielectric tensor we can also obtain the Kerr angle, defined as the change to light polarization reflected from a magnetized surface. The expression for the Kerr angle is derived using the standard Fresnel formalism, assuming normal incidence of linearly polarized light (polar geometry). In order to account for the effect of a substrate, we consider a stratified medium where the magnetic material, with thickness d CrX 3 , is placed between air and a semi-infinite dielectric substrate. In the case of SiO 2 substrate, the relative permittivity at the relevant frequencies is ε r = 2.4. 44 The effective dielectric tensor of CrX 3
is diagonal due to the symmetries of the lattice. In presence of a magnetization along the z-axis and spin-orbit coupling, it assumes the form
Taking advantage of this anti-symmetric form, the Kerr angle can be derived as: 26
where r ± are the reflection coefficients given by
in which n ± = ε xx ± iε xy are the refractive indexes in the circular basis and
f (n ± ) = (n ± + √ ε r )e −i ω c n ± d ,
g(n ± ) = (n ± − √ ε r )e i ω c n ± d .
Thus, the combination of equations (3-7) permits to relate the first-principles calculations of the dielectric tensor with the Kerr angle, including the effect of a semi-infinite substrate.
Ground state properties of the chromium trihalides
Structural properties
The compounds of the CrX 3 family share many structural, electronic and magnetic properties. They have identical crystalline structure (see Fig. 1 ), a hexagonal lattice with point group symmetry D 3d . 45 The Cr atoms form a honeycomb lattice and are surrounded by the ligand's octahedron, as shown in Fig. 1d . As a result of the edge sharing geometry, first neighbor Cr atoms share a pair of ligands, providing 90 • pathways for super-exchange.
Moreover, the three CrX 3 compounds have ferromagnetic order down to the monolayer, with
Curie temperatures of T I = 45K, 16 T Br = 34K 5 and T Cl = 17K. 7 The magnetization easy axis is off-plane for CrI 3 and CrBr 3 and in plane for CrCl 3 . Although not important in the case of monolayers, we also note that interlayer interactions in bulk are ferromagnetic for X = I, Br and antiferromagnetic for X = Cl. 46 DFT calculations predict that, in the three compounds, the magnetic moment is hosted predominantly in the Cr ions, that have S = 3/2. 47 The naive ionic model predicts that the outermost shell of the X ions is a full p shell.
Electronic properties: a simple model
Our DFT calculations confirm this picture. The resulting energy bands that arise from the ligand p shell and the spin majority Cr-t 2g coexist in energy, are strongly hybridized, and constitute the valence band of the CrX 3 family. The degree of hybridization will depend on the ligand species. On the other hand, conduction bands are spin majority e g levels, hybridized with X p orbitals. The unit cell of the CrX 3 has the formula Cr 2 X 6 . Therefore, there are 4 conduction bands, which are fully spin polarized. The lowest energy optical response is thus governed by transitions between the Cr-t 2g -X-p valence band and the Cr-e g spin majority bands.
Electronic properties: DFT results
The band structures and density of states (DOS) of CrX 3 are presented in Fig. 2 . All the calculations are done with non collinear spin-orbit coupling. The magnetization is oriented along the z-axis for CrI 3 and CrBr 3 . In the case of CrCl 3 we consider magnetization along the x axis, given that the easy-axis of this compound is in-plane, 7, 49 and also address the case where a magnetization along the z axis is imposed. For the three materials the conduction band is formed by e g spin majority bands, as expected from the ionic model of Fig. 1c . In the case of CrCl 3 and, to a lesser extent, CrBr 3 the valence band is dominated by the t 2g bands so that the energy gap is inherently related to the crystal field splitting of the t 2g − e g manifold in the spin majority channel. In the case of CrI 3 the top of the valence band becomes dominated by the p band of Iodine. Therefore, the band gap in CrI 3 is a metric of the inter-atomic charge transfer energy overhead. The bandgaps, as obtained with LDA+U, are summarized in Table 1 . It is apparent that the bandgap correlates inversely with the nuclear charge of the ligand, resulting in a larger bandgap for lighter ligands, as evidenced in Fig. 2 . As expected, the crystal field splitting follows the sequence ∆ Cl > ∆ Br > ∆ I on account of the larger electronegativity of lighter ligands. On the other hand, the modulus of magnetization is mainly dominated by the chromium atoms 50 and it has similar values for the three compounds, as shown in Table 1 .
The spin polarization of the valence band varies from material to material, on account of the different degree of hybridization between the Cr t 2g spin majority levels and the p orbitals of the ligands. Thus, the spin polarization is found to be nearly 100 % spin-up for CrBr 3 and CrCl 3 . 51 The stronger hybridization of Cr-I is also reflected in the absolute value of the total magnetic moment of the unit cell, shown in Table 1 , indicating that each iodine ion hosts a local moment, but with antiparallel alignment among them, leading to a null iodine moment, when summed up over the unit cell. 52 In the case of CrCl 3 , the difference between in-plane or out-of-plane magnetization barely modifies the band dispersion.
In contrast, for the conduction bands, the e g bands are nearly 100 % spin-up for all the compounds and with an increasing contribution from chromium d-orbitals when changing from iodine to chlorine. The implications on the optical properties of the valence band character will be discussed in the next Section. The fact that the spin majority e g levels are below all the spin minority levels evidences that the crystal field splitting is smaller than the intra-atomic exchange.
Optical Properties: Dichroism and Kerr spectroscopy
From the band structures of the chromium trihalides series we can infer a strong dependence of the optical response on the ligand. Whereas the chromium atom hosts the magnetic moment, the ligand determines the strength of the spin-orbit interaction, the Cr-X hybridization of the valence band states and the magnetic anisotropy. Therefore, measuring absorbance (A) or photoluminescence (PL) of circularly polarized light, as well as Kerr angle, permits to characterize the magnitude of the magnetic anisotropy.
Excitonic effects
First, we expect strong excitonic effects on the optical properties in these 2D materials. Table   1 . The exciton binding energies are much higher than those of transition metal dichalcogenides. [53] [54] [55] We attribute this enhancement to the reduced dielectric screening environment (see supporting information). [56] [57] [58] [59] The exciton binding energies are significantly higher for CrCl 3 and CrBr 3 than for CrI 3 . In probably the stronger Cr-ligand hybridization in the valence band of CrI 3 . We note that our calculations set the absorbance threshold at 1.9 eV, whereas experiments found it at 1.5 eV. 1 The origin of the discrepancy is probably due to the role played by electron-lattice coupling and a possible polaronic distorsion of the lattice. The very large Stokes shift observed experimentally shows that electron.lattice coupling is probably important
The height of the absorption threshold at the bright exciton peak has also a very marked dependence on the ligand: absorption is strongest for CrI 3 and weakest for CrCl 3 . Given that the excitonic effect follows an inverse trend, we attribute the enhanced absorption of the CrI 3 to the large content of ligand wave function in the valence band states.
Moreover, we find as a common feature the existence of a dark ground excitonic state, clearly separated in energy (0.2 eV for CrI 3 ) of the first bright exciton, marked as the blue dashed line in Fig. 3 . In recent experiments, 62 the Stokes shift of PL emission is much lower in energy than the absorbance threshold. The reason is possibly the brightening of these dark excitons due to the electron-phonon coupling.
Magnetic circular dichroism and magneto-optical Kerr effect
We now consider both magnetic circular dichroism in the absorption and magneto-optical
Kerr angle, which are the most common techniques to probe the magnetization of 2D chromium trihalides. 1, 16 In figure 4 we show the dichroism of the absorption coefficients, defined as:
for CrI 3 , CrBr 3 , CrCl 3 , all with off-plane magnetization, and CrCi 3 with in-plane magnetization. The normalized dichroism calculated at the bright exciton energy shown in Fig. 4 also reveals a dependence on the ligand: it is slightly larger for CrI 3 than CrBr 9), as a function of energy, offset by the bright exciton binding energies tabulated in 1, for the three compounds. For CrCl 3 we show the case of both in-plane and off-plane magnetizations. The calculations include both the GW and excitonic contributions. In the inset we show η evaluated at the energy of the bright exciton peak. must be at play, given the similar value obtained for CrI 3 and CrBr 3 .
Our results for magneto-optical Kerr angle, θ K , calculated including both the excitonic effects and the contribution of the substrate, are shown in figure 5(a,b,c) , for the three CrX 3 compounds with off-plane magnetization. The calculation assumes that the 2D crystals have a finite thickness d, as established in eq. 3. Figure 5 summarizes the Kerr angle spectra (in mrad). We have marked with vertical lines the positive maximum of Kerr angle in each material. It is apparent that the Kerr angle threshold is an increasing function of the atomic weight of the ligand, as show in figure 5(d) . This is expected since the magneto-optical Kerr effect arises as the interplay between magnetization, which is the same in the three compounds, and spin orbit coupling, 63 that increases for heavier ligands.
The magnitude of the Kerr angle, for the energy of the first absorption peak, computed without excitonic effect (see supplementary information), is very similar than the one ob-tained for excitons at the bright exciton energy. We find that this rather modest excitonic enhancement is the same for the three compounds. However, as shown in Fig. 3 , the excitonic correction has a dramatic impact on the location of the absorption threshold energy
We now compare our results to experimental data. The circular polarization of PL (η) in CrI 3 is 0.5 at the emission energy and the Kerr angle 8 mrad, measured at 633 nm (1.96 eV, blue-shifted 0.4 eV with respect to the absorption threshold). 1 In our calculations, our absorption threshold is shifted with respect to experiments 0.4 eV, therefore we have to compare the experimental results with the Kerr at 2.33 eV, obtaining 7 mrad. Nevertheless, the very large dependence of Kerr angle on frequency at the absorption threshold would need more experimental data for a proper comparison. In the case of CrBr 3 the polarization drops to 0.2. 5 There are measurements of the magnetic anisotropy of CrCl 3 monolayers and fewlayers but not of the Kerr angle. 64, 65 Our calculations capture the trend of the polarization and the measured Kerr angle is within the range of our simulations if the Kerr angle is measured below 2 eV.
Discussion and outlook
In this work we have employed state-of-the-art ab initio calculations including excitonic effects to understand optical and magnetic properties of the family of 2D chromium trihalides, CrI 3 , CrBr 3 and CrCl 3 . These three materials have the same ferromagnetic honeycomb lattice, but different ligand atoms. We have compared calculations carried out both with and without excitonic effects. We find that, for the three compounds, the exciton binding energies are much larger than the already sizeable values found in other 2D crystals, such as semiconducting transition metal dichalcogenides. 54 We find that excitons in CrI 3 are more extended, and thereby have a smaller binding energy than CrBr 3 and CrCl 3 , reflecting a larger Cr-ligand hybridization in the iodide.
Our calculations show that the two important quantities that define the magneto-optical response, the magnetic circular dichroism in the absorption η and the Kerr angle θ K , have a marked dependence on the ligand. This shows that, as in the case of magnetic anisotropy, 27 the ligand atom affects the strength of the magneto-optical response in Cr trihalides. Thus, the chromium atom hosts the magnetization of these materials, but the magneto-optical response is controlled by the ligand.
